Introduction
SURFace ACTive AgeNTS are one of the most regularly used materials that find various applications in day to day life activities. Currently marketed sources of surfactants are synthetic and petroleum based. Some natural surfactants like soap, lecithin or saponins have households and industrial application. Consumer awareness created a market for personal care and other home products, which are natural and environmental friendly. The need of biodegradable surfactants and surfactants derived from renewable resources has gained special attention across the globe 1 . The term biosurfactants refers to surfactant produced through fermentation processes. Biosurfactants have some advantages like biodegradability, selectivity, specific activity at excessive pH, salinity and temperature over the chemical surfactants 2 . Sophorolipid, a glycolipid containing sophorose as dimeric sugar, is synthesized by a number of yeasts from Candida family 3 . Sophorolipid is an amphiphilic molecule having polar sophorose and non polar fatty acid part produced by pathway in Fig. 1 . They are produced as a mixture of eight major components lactone and acid forms with varying degrees of acetylation at the 6 and 6 positions of the sophorose moiety.
Sophorolipids SLs and its structural analogues are approved by USFDA United State Food and Drug Administration for good skin compatibility and excellent moisturizing properties. In addition to this, sophorolipids are potent bactericidal agents and are used in the treatment of acne, dandruff and body odours 4 . Important actions like dermal fibroblast metabolism and collagen neosynthesis in protection of skin and hair are stimulated by sophorolipids. They also act as desquamating and depigmenting agents 5, 6 .
Combinations of skin-cell stimulating property and antimicrobial activity made sophorolipids proficient for its use in therapeutic cosmetic applications. Scientists have used glucose at 10 w/v concentration and variety of vegetable oils ranging from soyabean oil 7 , sunflower oil 8 and rapeseed oil 9 . Using these oils it is impossible to compete the cost of sophorolipids with available chemical surfactant in market. Cheaper raw material such as animal fat, crude oleic acid, dairy waste water, molassess and whey waste were tried for SL production 10 . In this study, non edible oil such as castor oil, present widely in India, along with glycerol is used as raw material for production of sophorolipids. Presence of ricinoleic acid, hydroxyl fatty acid, makes castor oil different and unique than any other vegetable oil for SLs production. There are two pathways for sophorolipid biosynthesis first is hydroxylation of fatty acid generally C 16 -C 18 by cytochrome P450 monooxygenase and second is direct incorporation of hydroxylated molecule such as alcohol, diol reported by 11 . Castor oil form sophorolipids using both pathways as it contains ricinoleic acid which has hydroxyl functional group at 12 th position also have C 18 carbon chain with free ω and ω-1 position. This study proves for the first time that if a compound with C 18 carbon chain with hydroxyl group and free ω or ω-1 then it follows both the pathways hydroxylation as well as direct incorporation. Direct incorporation and hydroxylation at same time gives novel sophorolipid structure with hydroxyl fatty acid as side chain, which can be used as important material for especially as drug delivery carrier 12, 13 . These novel sophorolipid structures were elucidated with the help of liquid chromatography-mass spectrometer LC-MS and proton nuclear magnetic resonance and carbon nuclear magnetic resonance 1 H, 13 C-NMR spectroscopy.
Material and Method:

Microbial culture and its Maintenance
The yeast used in this study was Starmerella bombicola NRRL Y-17069. It was procured from Agricultural Research Service ARS Culture Collection, USDA, Peoria, USA. The strain was grown on medium containing: Yeast extract, 3 g/l ; dextrose, 10 g/l ; Urea 1 g/l agar, 20 g/l for 48 h at 27 2 . Every four week organism was sub-cultured and maintained at 4 in refrigerator for further study.
Materials
Castor oil and oleic acid used for production of SLs was procured from Hi Media Pvt. Ltd. All chemicals such as glycerol 99
, yeast extract, peptone, agar malt extract and anthrone were purchased from Hi Media Pvt. Ltd. and solvents hexane, ethyl acetate, methanol, acetonitrile were purchased from S. D. Fine Chemicals Ltd., India Respectively.
Production of SLs
Sodium chloride solution 0.7 was added to one week old slants to adjust the optical density as 1.5 at 660 nm and cell count as 2.87 10 8 cells / ml. About 5 ml of this saline solution was added to basal medium 50 ml containing i.e., Glycerol 100 g/l ; Yeast Extract 10 g/l ; Urea 1 g/l in 250 ml Erlenmeyer flask. After 48 h of incubation, castor oil 100 g/l and in parallel experiment oleic acid 100 g/l was added to flask and kept for 8 days on rotary shaker at 25 2 and 200 rpm without adjusting pH to produce SLs. Same procedure and media was used in a 5.0 l stirred tank bioreactor, BIOSTAT Bplus Sartorius, Germany , with a 2.0 l working volume. The fermentor was equipped with a pH probe Type InPro 3030; Mettler Toledo and a DO probe Hamilton, Switzerland and a fermentor vessel UniVessels having a height-to-diameter ratio of 2:1 with four baffles with six-flat-blade disc impellers two measuring 64 mm diameter, spaced 9.0 cm from each other for proper mixing. During the fermentation, the pH, DO, and aeration gas flow were monitored online, and sophorolipid and residual glycerol were analyzed offline.
Isolation of SLs
Procedure of isolation for oleic acid was explained in detail by Bajaj et al, our last published paper 14 . In order to remove excess castor oil Hexane:chloroform 1:1 was used for 2-3 times , because castor oil is insoluble in hexane alone, differ to oleic acid removal. Remaining amount was weighed as amount of SLs. The residual oil was analyzed for fatty acid composition as per the A.O.C.S. Method Ce-1-62 15 . The crude sophorolipids mixture was initially analyzed by anthrone method based on the quantitative release of glucose by acid hydrolysis of sophorose moiety of sophorolipids 16 .
Biomass and glycerol estimation
The fermentation broth was extracted with ethyl acetate to remove residual oil and SLs after 192 hrs of fermentation. For determination of biomass, aqueous phase was centrifuged at 6,600 g at 25 2 to separate cells from media. Supernatant after centrifugation was used to determine glycerol contain in remaining media using colorimetric method reported in 17 . Dry cell weight was determined after re-suspending the cells in small amount of water and drying till constant mass at 65 .
Estimation, Identi cation and Characterization of SLs
Estimation of SLs was done by extracting the fermented broth with ethyl acetate. This extract was dried under vacuum at 40 to remove the solvent. The residue was further washed twice with hexane to remove the residual oil. The total yield of these partially purified SLs was measured by gravimetric measurement 14 The presence of ricinoleic fatty acids in sophorolipids was confirmed by GC analysis and results were compared with methyl ester of castor oil by GC. The samples were hydrolysed and esterified by adding 0.4 ml of 20 mM cupric acetate monohydrate in methanol and 2 ml of 0.5 N HCl in Hydranal. The reaction mixture was allowed to stand for the specified time 2-3 h at 37 2 to convert fatty acids into fatty acid methyl esters FAME . The reaction was stopped with the addition of 3-4 ml of water. Extraction of FAME mixture was done thrice using 2 ml hexane and hexane layer was used for gas chromatography GC analysis 18 . All compounds were identified by comparison of their retention times with those of known standards using Agilent GC equipped with DB-23 capillary column 60 m 0.25 mm ID 0.25 μ FT, Agilent . The injector and FID detector were maintained at 260 and the column oven was programmed to increase from 140 to 240 at 4 /min. Split ratio was adjusted to 5 : 1. Helium at the flow of 1 ml/ min was used as the carrier gas. FAMEs were quantified by GC and compared with standards from Nu-Check -Prep, Inc., MN, USA.
Results
The current work focuses on the novel chemical structure and characterization of sophorolipids synthesized on glycerol and castor oil as a primary and secondary carbon source respectively. Various tests were conducted to analyse castor oil and oleic acid shown in Table 1 . The castor oil contains ricinoleic acid and thus it is different from other vegetable oils.
Effect of castor oil on sophorolipids structure
First step in utilization of fatty acid for sophorolipids synthesis is hydroxylation of ultimate or penultimate carbon atom of fatty acid by cytochrome P 450 monooxygenase P450 . Sophorolipids have been previously synthesized using various raw materials like canola oil, oleic acid, sunflower oil, α-linoleic acid, soybean oil. The use of water soluble substrate like glucose 10 or glycerol 10 produce sophorolipid by de novo synthesis but when water soluble substrates used with hydrophobic substrate 10 gives higher yield. In the current study, castor oil 10 was used as hydrophobic carbon source along with glycerol 10 for production of sophorolipids using Starmerella bombicola NRRL Y-17069. Figure 2 explains importance of fed batch culture to improve sophorolipid production. Production profile of sophorolipid using castor oil is shown in Fig. 2 which clearly depicts rate of sophorolipid synthesis was high during first 120 hrs of fermentation and after which rate of synthesis has decreased due to accumulation of unused ricinoleic acid which inhibit microbial growth. Changes in sophorolipids production using castor oil were compared with that of oleic acid in Table 2 .
Fatty acid composition of residual oil
Castor oil composed of fatty acid like ricinoleic acid 74. 4 , palmitic acid 3.2 , oleic acid 8.9 , linoleic acid 8.2 and stearic acid 4.1 . After fermentation it was observed that residual castor oil contain ricinoleic acid, palmitic acid, stearic acid, oleic acid, linoleic acid as shown in Table 3 . This results indicated that ricinoleic acid has higher percentage utilization 76 compared with other fatty acid like palmitic acid, oleic acid, linoleic acid and stearic acid. This may be due to availability of -OH group at 12 th position.
Characterization of sophorolipids by 1 NMR, FTIR, LCMS and GC
Thin Layer Chromatography TLC of sophorolipids produced using castor oil showed spots with similar Rf values corresponding to that produced using oleic acid as raw material Data not shown . An FTIR spectrum of crude sophorolipids Fig. 3 Figure 4 gives the emphasis on C 13 22 Sophorolipid produced using oleic acid doesn t have this peak , glucose-C-6 at 63.66 ppm and glucose-C-6 ' at 62.12 ppm 23 . In sophorolipids produced using oleic acid the peak of carbon attached to sophorose moiety was observed at 76.34 i.e. ω-1 carbon 24 . In case of ricinoleic acid, 13 It was observed in the LCMS of sophorolipids that peak at 39.7 min and 44.14 min depict acidic and lactonic sophorolipids respectively with ω -1 -OH group Fig. 5 and 6 .
Discussion
Castor oil contains ricinoleic acid which has the bactericidal and fungicidal property because of presence of -OH group at 12 th position. As a result, when castor oil 10 is added to fermentor it resulted in lower yield compare to oleic acid i.e. 24.45 0.25 g/l compare to 52.34 076 g/l 26 . In current study above problem was solved using fed batch technique where organism comes in contact with concentration below inhibitory effect of ricinoleic acid at given time interval and hence sophorolipid production increases from 24.45 0.25 g/l to 40.23 1.34 g/l. Moreover castor oil may give partly new sophorolipids than typical sophorolipids produced using oleic acid with increased antimicrobial activity by two pathways explained earlier in introduction of this research paper. Sophorolipids production is dependent on the structure of hydrophobic carbon source used during fermentation i.e., fatty acid moiety which also reflects in the product sophorolipids. Fatty acids having C 16 of either glucose molecule. The fatty acids are incorporated via ω or ω-1 hydroxylation into sophorolipids only if they have C 16 or C 18 carbon chain. Certain reports are available were the substrate is C 12 but already hydroxylated and does not have free ω or ω-1 for example alcohols, diols 27 .
In case of castor oil both the pathways are possible as the chain length is C 18 with free ω or ω-1 position and it also have -OH group for direct incorporation. This study proves that compound with C 18 having hydroxyl group and free ω or ω-1 it follows both the pathways of hydroxylation as well as direct incorporation. It was observed from the above all analysis results that Bhangale et al. 28 has worked on sophorolipid production using castor oil but with growth inhibition and lower yield problems which were solved using fed batch technique in fermentor 5L with optimized aeration and agitation. Bhangale et al. also explained hydroxylation at ω-1 position is not required for sophorolipids production in presence of castor oil with reference of Brakemeier et al. 29 .
Substrates In all the previous sophorolipid studies 14, 28 , hexane was used as solvent to remove unused residual oil. This study reveals that castor oil and sophorolipids both are insoluble in hexane. In order to remove unused castor oil from sophorolipid mixture chloroform: hexane mixture 1:1 , in which castor oil is soluble, but sophorolipid is not was used.
Conclusions
The sophorolipids are well known biosurfactant having antimicrobial activity which varies on the basis of the structure of the compounds. The castor oil along with the glycerol gives production of partly new sophorolipids with hydroxylation and direct incorporation both. Addition of castor oil at particular interval in the media confers production of sophorolipids with maximum conversion. The growth of cells was maximised with fed batch culture technique compare to batch production. The novel sophorolipids produced on ricinoleic acid rich castor oil reserved its ricinoleic acid moiety hence; it may show the combined effect of castor oil and sophorolipid. Sophorose group attached either at ω-6 position or at ω-1 position and other -OH group remain free, contradictory to sophorolipids produced using oleic acid which does not have free -OH group in side chain. These results improve the effect of sophorolipids as antimicrobial and emulsifier and can be used as a tool for developing new and more effective application of sophorolipids.
